ABSTRACT: A simple, specific, sensitive and rapid stability-indicating high performance thin layer chromatographic method has been developed for the simultaneous estimation of ledipasvir and sofosbuvir in combined dosage form. In this method, the separation was achieved on silica gel 60F254 thin layer chromatography plates using mobile phase comprising of hexane: ethyl acetate: methanol (5:3:2,v/v/v) with 3 drops of ammonia at 288 nm as selected wavelength on a densitometer. The Rf value of sofosbuvir and ledipasvir were observed to be 0.21±0.02 and 0.43±0.02, respectively. The linearity, precision, accuracy, robustness, specificity, limit of detection and limit of quantitation of the method were validated according to the ICH guidelines. The linear regression analysis for calibration plots produced r2=0.9948±0.0005 and r2 = 0.9927±0.0003 for ledipasvir and sofosbuvir, respectively. Percent recovery of the drugs from tablet formulation was carried out by standard addition method and was found to be close to 100 and relative standard deviation was less than 2%, which indicated good accuracy and precision of the method. The factors evaluated in the robustness test were determined to have an insignificant effect on the selected responses. To make the method more specific stress studies were conducted for both drugs individually as well as in the combined form by subjected to acid, alkali and neutral hydrolysis, oxidation, thermal and photolytic degradation. Degradation studies indicated ledipasvir to be susceptible to acid and alkaline hydrolysis, thermal, photolytic and oxidative degradation whereas sofosbuvir was susceptible only to alkaline hydrolysis. The degradation product peaks were well resolved from the pure drug with significant differences in their Rf values. The results indicate that the method is suitable for the routine quality control testing of marketed tablet formulation.
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Ledipasvir (LPV),chemically methyl N-[(2S)-1-[(6S)
, is an orally available inhibitor of the hepatitis C virus (HCV)-non-structural protein 5A (NS5A) replication complex, with potential activity against HCV [1] . Upon oral administration, and after intracellular uptake, ledipasvir binds to and blocks the activity of the NS5A protein [2] . This results in the disruption of the viral RNA replication complex, blockage of HCV RNA production, and inhibition of viral replication. NS5A, a zinc-binding and proline-rich hydrophilic phosphoprotein, plays a crucial role in HCV RNA replication. HCV is a small, enveloped, single-stranded RNA virus belonging to the family, Flaviviridae; HCV infection is associated with the development of hepatocellular carcinoma [3] .
Sofosbuvir (SOF), (S)-Isopropyl 2-((S)-(((2R
3R,4R,5R)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-fluoro-3-hydroxy-4-methyltetrahydrofuran-2-yl)methoxy)-(phenoxy) phosphoryl amino) propanoate (Fig. 1b) , is a prodrug [4] . It is metabolized to the active antiviral agent GS-461203 (2'-deoxy-2'-α-fluoro-β-Cmethyluridine-5'-triphosphate).
GS-461203, serves as a defective substrate for the NS5B protein, which is the viral RNA polymerase, thus acts as an inhibitor of viral RNA synthesis [3] .
LPV is used in combination with SOF for genotype 1 hepatitis C. This LPV-SOF combination is a direct-acting antiviral agent that interferes with HCV replication, and can be used to treat patients with genotypes 1a or 1b without PEG-interferon or ribavirin [5] . Literature survey revealed that several instrumental methods based on HPLC [6, 7] , UPLC-ESI-MS/MS [8] , LC-MS/MS [9] , LC-QTOF-MS/MS and NMR [10] were reported for the determination of LPV and SOF as a single component, in bulk formulation, combination with other drugs [11] , and human plasma [12, 13] . However, for the simultaneous estimation of LPV and SOF, HPLC [14] , Chemometric models [15, 16] , TLC densitometric method [17] , LC-MS/MS [18] in plasma and an UV spectroscopy [19] for the analysis of formulation were reported. It is obvious that most of the reported methods for the determination of LPV and SOF have utilized hyphenated instrumentation, whose use was considered a tedious process. These hyphenated analytical Asian Journal of Nanoscience and Materials techniques were considered time consuming and requires high cost as they usually involve several separation steps with the utilization of complex components. On contrary, the mathematical spectrophotometric and chemometric techniques have the ability to overcome the above drawbacks. In addition, they could efficiently resolve complex mixtures of analytes. However, chemometric techniques were less advantageous, as they required the availability of specific softwares for performing the manipulation steps. Except UV spectroscopic method, all the other techniques described, were not costeffective in terms of solvent consumption and total analysis run time; therefore, the present study was conducted. Moreover, the chemical stability of pharmaceuticals is a matter of great concern, as it affects the safety and efficacy of the drug product. The FDA and ICH guidelines [20, 21] state the requirement of stability testing data to understand how the quality of a drug substance and drug product changes with time under the influence of various environmental factors. Forced degradation was the process that involved degradation of drug products and drug substances at conditions more severe than accelerated conditions and thus generates degradation products that could be studied to determine the stability of the molecule [22] . The aim of the forced degradation is to produce the desired amount of degradation i.e., 5 -20%. The exhaustive literature survey revealed that none of the most recognized pharmacopoeias and journals include these drugs (LPV and SOF) in combination for the simultaneous determination, and information regarding the stability of the drugs is not available in its combination. By keeping this in mind, the effect of hydrolysis (acidic, alkaline and neutral), dry heat, oxidation using hydrogen peroxide and photolysis were studied on LPV and SOF by developing a validated novel high performance thin layer chromatographic procedure which could effectively separate the drug peaks from those of their degradation products. The advantage of selecting HPTLC technique is that, it is reliable in quantifying analytes at micro and even in nanogram levels. It has proved a very useful technique because of its low operating cost, reduced analysis time, high sample throughput and need for minimum sample clean-up [23] . For the best of our knowledge, no stability indicating assay method was reported for the determination of these drugs in formulation. The present investigation was conducted with the goal of establishing a simple, rapid, sensitive and robust stability-indicating HPTLC method for the simultaneous estimation of LPV and SOF and its application to assay of selected drugs in tablet dosage form.
Experimental
Reagents and materials
LPV and SOF (>99.8%) were procured from Analytical Services Laboratory, Sequent Research Limited, Mangalore, India. The formulation, Cimivir-L tablet (LPV 90/SOF 400) was purchased from local market, Bangalore. Hydrochloric acid (AR grade), hydrogen peroxide (H2O2) (AR grade), hexane (LR grade), ethyl acetate (AR grade), ammonia, methanol (HPLC grade) and sodium hydroxide (NaOH) were purchased from S. D. Fine Chem. Ltd., and Qualigens Fine Chemicals Ltd., Mumbai, India. Precoated silica gel 60F254 on aluminium sheets were procured from Merck, Germany.
Instrumental and chromatographic condition
The HPTLC analysis was carried out on HPTLC system (CAMAG, Muttenz,
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Switzerland) consisting of a TLC Scanner III and a Linomat V auto-application device connected to a nitrogen cylinder. Apart from this, Shimadzu digital electronic balance, hot air oven manufactured by Inlab Equipment, Madras Ltd., and a sonicator manufactured by Leelasonic Ultrasonic sonicator were used for the proposed study. For the development of chromatogram, prewashed plates with methanol, after activation at 105°C for 20 min was used. Band width of 6mm with 6mm spacing was applied using a Hamilton microliter syringe and Linomat V sample applicator. The sample application speed was set at 10 mm/sec. The distance from the plate side edge and the bottom of the plate was 10 mm. After the plates were air dried, linear ascending chromatography was carried out using hexane: ethyl acetate : methanol (5:3:2,v/v/v) with 3 drops of ammonia as the mobile phase in a 20 × 10 cm twin-trough glass chamber (CAMAG), which was pre-saturated with mobile phase (for 15 min) at 25 ± 1
• C. The development distance was 8.0 cm, and the development time was 20 min. Densitometric scanning was performed in the absorbance-reflectance mode at 288 nm after scanning between 200 and 400 nm using a deuterium lamp. The slit dimensions were 5 mm in length and 0.45 mm in width, with a scanning rate of 20 mm/sec. Each track was scanned three times, and baseline correction was used. The winCATS software version 1.4.2 (CAMAG) was used to control the operating parameters during the entire experiment.
Preparation of standard solution
The stock solution of LPV and SOF (1000 μg/ml) were prepared by accurately weighing 100 mg of LPV or SOF, and transferring into two separate 100 ml volumetric flasks. The drugs were dissolved by using an ultrasonic sonicator in 30 ml of methanol for 10 min, and the volume was made upto the mark using the same solvent. The mixed working standard solution was prepared by accurately transferring 1 ml of LPV and 4 ml of SOF into a 10 ml volumetric flask, and further diluted using methanol to get a final concentration of 100 μg/ml of LPV and 400 μg/ml of SOF.
Preparation and analysis of sample formulation
To determine the amount of LPV and SOF in tablet dosage form (label claim 90& 400 mg per tablet), 20 tablets were weighed, their average weight was determined, and they were finely powdered. An accurately weighed powder sample equivalent to 9mg of LPV or 40mg of SOF was transferred into a 100ml volumetric flask, and 10ml of methanol was added, followed by sonication for 10 min, and further dilution was made up to the mark with methanol. The resulting solution was filtered through Whatmann filter paper (No.1), and two microliters of the filtered solution (180 ng/spot of LPV and 800 ng/spot of SOF) was applied on the TLC plate, followed by development and scanning as per optimized chromatographic conditions.
Validation [24]
The developed method was validated as per ICH guidelines. The validation of the method was carried out in terms of linearity, accuracy, precision, repeatability, LOD and LOQ.
Linearity
From the standard stock solutions of LPV and SOF, mixed working standard solution was prepared by accurately transferring 1 ml of LPV and 4 ml of SOF into a 10 ml volumetric flask, and further diluted using methanol to get a final concentration of 100 μg/ml of LPV and 400 μg/ml of SOF. The linear response for this mixture (LPV and SOF) was assessed by spotting different volumes of the mixed working standard Asian Journal of Nanoscience and Materials solution, from 1 to 7 µL on TLC plate. Calibration curves for the different concentrations versus the peak area were plotted for LPV and SOF, and the obtained data were subjected to regression analysis using the least squares method.
Limit of Detection and Limit of Quantification
The lowest concentration detected (LOD) and the lowest concentration quantified (LOQ) were estimated from a set of six calibration curves, previously used to determine the method linearity. LOD = 3.3×σ/S and LOQ = 10×σ/S, where, σ= the standard deviation of y intercepts of regression lines and S = the slope of the calibration curve.
Precision
The intra-day precision was evaluated by analyzing six sample solutions (n =6), with the final concentration of analyses 200 and 400 ng/spot of LPV and 880 and 1760 ng/spot of SOF. Similarly, the inter-day precision was evaluated in three consecutive days (n =18). Instrumental precision was determined by measuring the repeated scanning for six times, and the repeatability of the developed method was confirmed by applying LPV and SOF (200 and 880 ng/spot) six times on the TLC plate. After scanning, the peak area was measured, and the relative standard deviations (RSD) were calculated. 2.5.4. Accuracy LPV and SOF reference standards were accurately weighed and added to a commercial formulation of tablet powder, at three different concentration levels (50, 100 and 150 % LPV and SOF respectively). At each level, samples were prepared in triplicate, and the recovery percentage was determined.
Specificity
The peak purity of LPV and SOF was assessed by comparing its respective spectra at three different levels, that is, peak start (S), peak apex (M) and peak end (E) positions of the spot. In addition, a solution containing a mixture of the tablet excipients was prepared using the sample preparation procedure and applied onto the TLC plate, to evaluate the possible interfering peaks.
Robustness
The effect of small deliberate variations on the method parameters like, the composition of the mobile phase, saturation time, development distance, spot scanning, time interval, wavelength scan time from spotting to chromatography and mobile phase volume, was evaluated for the concentration of 200 and 880 ng/spot of LPV and SOF respectively, and the data obtained was subjected to statistical analysis.
Stability studies of drugs on the plate
When the developed chromatographic plate is exposed to atmosphere, the analytes are likely to decompose. Hence it is necessary to study the stability of the drug on plate, which is done by scanning the plate at different time intervals, and the peak areas obtained were compared with that of a freshly scanned plate. Thus, the developed plate was found to be stable for about 24 hours.
Stress studies [22]
For conducting the forced degradation studies, four samples were taken viz., blank solution stored under normal conditions, blank solution subjected to stress conditions similar to that of the drug solution, zero time analyte solution stored under normal conditions and the sample subjected to stress treatment. The study was conducted separately for LPV and SOF and then for the combined sample. For conducting each test, Asian Journal of Nanoscience and Materials 100 mg of LPV and SOF were weighed accurately and transferred to a 25 ml standard flask or a petri-dish separately.
Acid, alkaline, neutral hydrolysis
For acid hydrolysis, 10 ml of 0.1M hydrochloric acid was added to the corresponding sample of LPV and SOF. For alkaline hydrolysis, 0.1M sodium hydroxide was added, whereas for neutral hydrolysis, 10 ml water was used. After making up the volume to 25 ml in a corresponding standard flask with methanol, each solution was refluxed for 5 hours at 80˚C. From the resultant solution, 2.5 ml was taken, and again made up to 10ml in a standard flask to get 1000µg/ml for LPV and SOF.
Oxidative Degradation
This study was carried out by using 10 ml of 6% hydrogen peroxide, made up to 25ml with methanol. From this, 2.5 ml was withdrawn every 1 hour for about 5 hours and made up to 10ml (1000µg/ml) for LPV and SOF.
Thermal and photolytic degradation
For thermal degradation, the drugs were placed in hot air oven at 80ºC for 5 hours; whereas for photolysis, the drugs placed in petri-dish were exposed to sunlight for about 5 hours. After exposure, the drugs were dissolved in methanol and made up to 25 ml. Further, 2.5 ml of this solution was transferred to a 10 ml standard flask, and the volume was made up with methanol to get 1000µg/ml for LPV and SOF, respectively.
Results and Discussion
Method development
In this method, methanol was selected as the solvent, because it completely dissolves the drugs, and showed good stability in solution form, with acceptable volatile nature. An ideal wavelength is the one that gives good response with maximum absorbance for both the drugs to be detected. The spectra were recorded for LPV and SOF on TLC scanner and the isobestic point, 288nm was selected for the entire study.
Optimization of chromatographic condition
For chromatographic elution of LPV and SOF, several trials were carried out using toluene, n-hexane, ethyl acetate, chloroform, dichloromethane, acetonitrile and methanol, as single mobile phase solvents or their binary and tertiary combinations. Initial experiments with single solvents revealed poor separation or migration along the solvent front or negligible migration of LPV/SOF. In toluene: ethanol (7:3,v/v) and toluene: acetonitrile (6:2,v/v/v), there was no separation; In toluene: ethyl acetate (7:3,v/v), no development of spot; Toluene: butyl acetate: methanol (7:2:1,v/v/v), poor separation, while good separation occurs when hexane: ethyl acetate: methanol (5:3:2v/v/v) was used as mobile phase system. Hence the optimization of the mobile phase was performed using this combination of solvents. After separation, the shape of the peaks were improved using 3 drops of ammonia solution. The Rf values under the optimized conditions were 0.21 ± 0.02 and 0.43 ± 0.02 for SOF and LPV, respectively (Fig. 2) . 
Validation
The high correlation coefficient obtained from linear regression analysis showed good linear relationship over the concentration range of LPV 100-700 ng/spot and SOF 440-3080 ng/spot for six sets of data. The results are given in table 1. The LOD and LOQ for the analytes were calculated from the slope of the calibration line and the standard deviation of the intercept and were found to be 0.13 and 0.40 ng/spot (LPV) and 0.4345 and 1.316 ng/spot (SOF), respectively. The precision parameters expressed as %RSD for method precision of intra-day, interday, repeatability of sample application and measurement are presented in Table 2 . The accuracy was determined by a standard addition technique, and the detailed results are shown in Table 3 . The peak purity index at the peak start, peak apex and peak end was determined, and was found to be about 0.9997 and 0.9999 for LPV and 0.9995 and 0.9998 for SOF respectively. This proves high specificity of the developed method.
Method robustness was tested under four different conditions by changing the composition and volume of the mobile phase components of hexane (±0.1 mL for each), by changing the chamber saturation time (±5.0 min) and solvent migration distance (±5.0 mm) to chromatography. The results present in Table 4 established that, alteration of the analytical conditions does not affect the performance of the method significantly, as evident from the precision values in the measurement of peak area of the analytes. This confirms the robustness of the developed method.
The Table 5 demonstrates the results of forced degradation studies of LPV and SOF combination. On conducting stress studies, the peak area of LPV did not change for neutral hydrolysis, whereas considerable reduction in peak area occurs with the appearance of an additional peak at the retention time 0.34 min apart from drug peak at 0.43 for other stress studies. This confirmed that LPV was more susceptible to acid, alkaline, oxidative, dry heat and photolytic degradation conditions; whereas for SOF, there was a considerable reduction in peak area with the appearance of additional peaks at 0.12 and 0.28 min. apart from the drug peak at 0.21min by base treatment. This indicated that SOF was highly susceptible to alkaline hydrolysis only. The corresponding chromatograms were given in Fig. 3a -f and 4a-f and Chromatogram of stress treated mixture of LPV and SOF are shown in Fig. 5 which proved that the stability indicating power of the developed HPTLC method.
Finally, the method was applied to analyze a commercially available tablet formulation. The results are tabulated in Table 6 . The result of analysis proves that the developed stability indicating method is suitable for the analysis of LPV and SOF, without any interference from the excipients.
Conclusion
A specific, sensitive and robust stabilityindicating HPTLC method has been developed for the simultaneous determination of LPV and SOF in tablet formulation, and their stress studies were established by following ICH guidelines. This is possibly the first stability-indicating method for the simultaneous estimation of the selected drug combination in tablet dosage form using HPTLC technique. Further, the statistical analysis proved that the method could be suitable for analyzing LPV and SOF in their pure form and in pharmaceutical preparations, without any interference from the excipients. The validation data suggested that the proposed densitometric HPTLC method is accurate, precise, less time consuming and cost effective. Hence it could be readily applied for routine quality control analysis of these drugs in combination.
